The Brcas Might be DNA Repair Genes 


by Jeffrey H. Simonson 


Recent evidence strongly suggests the two breast cancer susceptibility genes Svca7 and &rca2 are involved in the DNA damage 
repair pathway. Cells with more efficient DNA repair contain more BRCA1 protein and mice containing Brca2 knockout mutations 
exhibit several developmental abnormalities. Though this repair pathway is proposed to involve 5%, the exact roles of the Brcas 
remain unknown. 


Introduction 


Though only 5-10% of breast cancers appear caused by germline mutations (Szabo and King 1995), most of these hereditary cases are associated with 
mutations in the two breast cancer susceptibility genes 4rca7 and 4Srca2 (Stratton 1996). Having a loss of function mutation in either gene increases the 
risk of cancer by about 20 times (Zhang e¢ a/ 1998). Germline mutations in 4’ca7 are linked to both breast and ovarian cancer, while mutations in 4rcaz 
result in increased risk for breast, but only a moderate increased risk for ovarian cancer (Easton 1993). Both genes are considered tumor suppressors 
because the disease usually occurs after the normal allele is lost in a heterozygous individual (Smith e¢ a/ 1992). Curiously, no one has linked cancer to 
non-inherited mutations of either gene (Szabo and King 1995). 


The 4rcas have more in common than just their name and tumor suppressor functions. Both are very large. The 22 exons of 4rca7 on chromosome 17 
code for 1863 amino acids (Miki e¢ a/ 1994); BrcaZ resides on chromosome 13 and has 27 exons coding for 3418 amino acids (Wooster ef a/ 1995). The 5 
’cas have dissimilar sequences and do not show homology to other known genes. BRCA1, however, has a zinc finger domain (Wu ef a/ 1996) and there 
are some conserved repeats in exon 11 of 4vca2 Exon 11 is unusually large in both genes and both have putative transcription activation domains 
(Chapman and Verma 1996). BRCA1 colocalizes with hRAD51 (Scully e¢ 2/1997), the human homolog of the bacterial recombination and DNA repair 
gene AecA, and BRCA2 has binding domains for hRAD51 (Sharan ef a/ 1997). BRCA proteins have very similar temporal and spatial expression patterns ( 
Blackshear et al. 1998). Expression of both genes in mice occurs in breast epithelium during puberty and pregnancy and during the cell cycle just before 
DNA synthesis (Vaughn ef a/ 1996). Though pathological differences exist in tumors linked to mutations in 47ca7 and Srca2 (Vaughn ef a/. 1996), there is 
recent evidence they may function in a similar pathway (See Zhang ef a/ (1998), and Bertwistle and Ashworth (1998) for reviews). 


The Role of BRCA in DNA Damage Response 


As mentioned above, the BRCAs have putative transcription activation domains (Chapman and Verma 1996) and both colocalize with hRAD51 (Scully e 
al. 1997). This strongly suggests BRCA1 and BRCA2 are components of DNA damage response pathways. Other lines of evidence also support this 
hypothesis. The chromosomal abnormalities caused by 4vca2 and Aad'57 mutations look very similar (Zhang ef a/ 1998). Here | present experimental 
evidence from several investigators testing the hypothesis that BRCA1 and BRCA2 are involved in DNA damage repair. 


&rca7 is Up-Regulated with Exposure to CDDP 


Husain ef a/ (1998) tested the role of 4’ca7 in DNA damage repair by examining the gene's expression in cells with damaged DNA. The cytotoxic 
chemical c/s-diamminedichloroplatinum(Il) (CDDP) damages DNA and causes the cell to arrest its cell cycle. The cell than either repairs the damaged DNA 
or undergoes apoptosis. If BRCA1 does indeed function in DNA repair, then loss of &vca7 might increase CDDP toxicity. 


Husain ef a/ (1998) examined 4/ca7 expression in both normal and CDDP-resistant ovarian and breast cancer cell lines. They probed total RNA from 


normal and CDDP-resistant ovarian cancer cells with a 32P-labelled 4yca7 exon 11 cDNA probe. The CDDP-resistant cells showed more BRCA1 protein 
than the cells not resistant to CDDP. They also used a BRCA1 antibody in a Western blot analysis of whole protein extracts from both ovarian and breast 
cancer cell lines. Again cells resistant to CDDP had more BRCA1 protein than the normal cancer cells. Moreover, cells exposed to CDDP showed a 
transient increase in levels of BRCA1 protein on a similar Western immunoblot. These experiments show BRCA1 protein production is increased in cells 
able to withstand the mutagenic effects of CDDP. 


Further evidence of increased DNA damage repair in cells containing more BRCA1 comes from an assay for damaged plasmids. Husain ef a/ (1998) 
mutated a luciferase expression vector with different amounts of CDDP to inactivate luciferase fluorescence. They then transfected both CDDP-resistant 
and normal breast cancer cells with both mutated and normal plasmids. The CDDP-resistant cells always showed twice as much luciferase activity than 
normal cells not resistant to CDDP. This implies cells with acquired CDDP resistance are more proficient at repairing DNA damage. This, however, does 
not necessarily mean BRCA1 has a role in this repair mechanism. 


Husain ef a/ (1998) tested the effects of BRCA1 protein expression on CDDP cytotoxicity by using antisense vectors. They inserted a portion of exon 11 
from 4rca7 cDNA into a plasmid in both sense and antisense directions, then transfected CDDP-resistant breast cancer cells. Their Western blot analysis 
showed a decrease in BRCA1 protein in the antisense cells. They again used the luciferase assay on these sense and antisense cell lines. The antisense 
cells (low BRCA1 protein) showed significantly less luciferase activity then the sense cells. These experiments show a deficiency in DNA repair when 
levels of BRCA1 protein are low. 


This work by Husain e¢ a/ (1998) showed: 1) BRCA1 protein production is higher in CDDP-resistant cancer cells, 2) CDDP-resistant cells are more 
proficient at repairing DNA damage, and 3) cells deficient in DNA damage repair have low BRCA1 protein concentrations. Their data suggests 4yca7 is 
involved in DNA damage repair. 


Lack of &rca2\eads to Rad51-Mediated Radiation Hypersensitivity 


Sharan ef a/ (1997) examined the role of BRCA2 in DNA repair by making chimeric mice. They first created a targeting vector containing a genomic 
portion of 4rca2 from exon 9 to exon 11. A portion of exon 11 (amino acids 626-1437) was then disrupted by inserting the human minigene Ajo/tand the 
vector was electroporated into mouse embryonic stem (ES) cells. The heterozygous ES cell lines containing a mutant allele created by homologous 
recombination were then injected into mouse blastocysts. Heterozygous mice appeared normal, but none of their offspring were homozygous mutants. 
Examining embryos from heterozygous parents, they found 25% of the embryos showed developmental arrest after 6.5 days from fertilization. This 
suggests 4rcaZis essential for embryonic development starting at 6.5 days. 


Testing correlation of 4’ca2 expression with embryonic developmental arrest was done using /7 s/tu hybridization. Sharan ef a/ (1997) used Srca2 RNA 
probes to visualize spatial and temporal expression of Srca2 No 4&rcaZ transcripts were detected in 6.5 day embryos. At 7.5 days, however, 4/caZ is 
upregulated and expressed in all tissues. Later, vca2 is expressed mostly in proliferating tissues. &7ca2 is then downregulated at birth. This shows 
upregulation of &vca2 correlates with the developmental block at 7.5 days. They also performed this /7 s/t hybridization with mouse Aad57 (mFad57) and 
found similar expression patterns in both genes. 


Sharan ef a/ (1997) also performed a two-hybrid screen to identify interaction between BRCA2 and RADS51 proteins. They constructed both prey and bait 
of a C-terminus region of 4rca2 (amino acids 3138-3232) and full-length prey and bait of 77Aad57. The two-hybrid screen was then performed in both 
yeast and mammalian cells. Sharan ef a/ (1997) found a strong association between BRCA2 and mRAD51 in both cell types, though the combination of 
mRAD51 as prey and BRCA2 as bait showed a stronger association than the converse. By producing several 4’ca2 mutant prey, they also found a 36 
amino acid fragment of BRCA2 is the minimal region showing strong association with mRAD51. If this association between BRCA2 and mRAD51 has 
functional significance, then since ™Aad57 mutants are sensitive to gamma-irradiation, so should 4vca2 mutants. &’ca? homozygous mutant embryos 
were indeed more sensitive to -radiation than heterozygous embryos. 


Truncation of &’ca2Leads to Defective DNA Repair 


Another mouse study by Connor ef a/ (1997) also evaluated the effects of knocking out a portion of exon 11 in 4vca2. Their &rca2 mutation disrupted exon 


11 at the 3' end rather than at the 5' end as did the study of Sharan ef a/ (1997). Some homozygous mutants (Brca’) lived to be adults. Having the extra 
part of exon 11 is apparently enough of the gene to allow some 47ca2” mutants to survive. Connor ef a/ (1997) speculate their truncated, hypomorphic 


allele may be less lethal because the N-terminal domain of exon 11 in BRCA2 can still bind to Rag57. Having adult Brca2” mice permitted Connor ef a/ 
(1997) to perform several experiments to test the role of Bvca2in DNA repair. 


The knockout mice were created by gene targeting in mouse embryonic stem (ES) cells. They first constructed a Srca2 targeting vector by replacing a 3' 
portion of exon 11 (starting at nucleotide 6038) by a neo’ gene followed by HSV-¢ and amp’ resistance genes. The targeting vector was then 
electroporated in ES cells and selected for homologous recombination of the vector into their genome. Blastocycts injected with these ES cells produced 
several Brca2*” adults. These adults appeared normal and did not produced breast tumors. About 29% of the expected number of BrcaZ” mice trom 
heterozygous matings survived to adulthood. Examination of embryos revealed little embryonic lethality; the missing offspring were eaten by the parent. 


Connor ef a/ (1997) partially substantiated the truncated expression of Svca2 mutant alleles by using RT-PCR to verify Svca2 mRNA is present in cells at 


the predicted length. The lack of Srca2 N-terminal antibodies, however, prevented analysis of the BACAZ protein. It is possible a full-length BRCAZ 
protein was produced by alternative splicing, but RT-PCR analysis has not indicated this event. 


Though some Brea2’ offspring survive to adulthood, they exhibit several mutant phenotypes. Brca2’ mice are half as big as Brea2*’ and Brea2** mice, 
showed several development abnormalities, and failed to reproduce because both males and females lacked germ cells. All of these mice died within 5.5 
months due to tumors in their thymus. 


The small size of Byca2” mice may have been due to a problem in cell proliferation, so Connor ef a/ (1997) cultured mouse embryonic (MEF) fibroblasts 


from each of the three genotypes. They found 4vca2” MEFs proliferate poorly compared to Brca2** and Brca2*” MEFs. In addition, they measured 
expression of p53 and p21 in MEF cells. Since p53 and p21 are DNA damage response genes, a lack of BRCA2 might be correlated with their increased 


expression. As shown by antibody probes on Western blots, Byca” MEFs have elevated levels of both p53 and p21. Induction of p53 by X-irradiation, 
however, is not impeded by absence of 4vcaZ, suggesting &rcaZis not involved in mediating DNA damage upstream of p53. 


Finally, Connor ef a/ (1997) evaluated the ability of MEFs of each genotype to repair DNA damage by using a comet assay. The neutral Single-Cell Gel 
Electrophoresis (SCGE), or comet assay, measures the relative amount of double-strand breaks in a cell's DNA. MEFs were embedded in low-melting 
agarose and allowed to solidify on microscope slides. The cells were then lysed in the agarose with lysis buffer and slowly electrophoresed. Ethidium 
bromide was used to stain the DNA and the cells were visualized under a microscope. Cells without double-strand DNA breaks will show a circular pattern 
around the cell. If there are DNA breaks, then small fragments will migrate toward the positive pole and form a comet tail trailing from the cell's original 
position. Connor ef a/ (1997) exposed all three MEF genotypes to X-irradiation. Some cells were immediately harvested and placed in agarose, while 
others were harvested 275 minutes after X-irradiation. Untreated (no X-irradiation) cells of each genotype showed no comet tails. Cells from all genotypes 


showed prominent comet tails when harvested immediately after X-irradiation. Brca2*’* and Brca2*” MEFs did not show any comet tails when allowed to 
recover 275 minutes after X-irradiation, presumably because their DNA repair mechanism was functioning properly. Brea’ MEFs, however, still had comet 


tails after 275 minutes though the tails were shorter than Brca27" cells not allowed to recover. This shows the 4vcaZis necessary for double-strand DNA 
repair. 


Summary 


These experiments by Husain ef a/ (1998), Sharan ef a/ (1997), and Connor ef a/ (1997) all support the hypothesis that the breast cancer genes 4rca7 
and &rca2 are involved in DNA damage repair. Husain ef a/ (1998) showed cells better able to repair DNA damage have more BRCA1 protein. Sharan e 
al. (1997) found mice embryos having both copies of BRCA2 truncated at exon 11 did not survive past 6.5 days and were sensitive to gamma-irradiation. 
They also showed BCRA2 binds to RAD51. In another 47ca2 exon 11 knockout study, Connor ef a/ (1997) found mice containing only truncated BRCA2 
protein could survive to adulthood. Their 4vca2 gene differed from Sharan ef a/ (1997) by containing a 5' portion of exon 11. The Bvca2” mice Connor ei 
al, (1997) produced were small, sterile, and died of thymic lymphomas. In addition, Brca2” fibroblasts did not proliferate, over expressed p53 and p21, and 
could not readily repair DNA damage. They also found differences in mutant phenotypes based on the genetic background of the mice, suggesting other 
genes modify the lethality of 47ca2. Differences in genetic backgrounds may partially explain the variable penetrance of breast cancer in individuals having 
the same 4/ca7 or &rca2 mutation. 


The best model for breast cancer in carriers of Srca2 mutations, suggested by Connor e¢ a/ (1997) involves the DNA damage response gene p53. They 
propose BrcaZ*” individuals lose the p53 pathway by some independent means. Loss of p53 function may then help mediate the loss of the Brca2* allele, 
possibly by causing an aneuploid event by abnormal centrosome amplification. This failure of the DNA repair pathway then leads to oncogene activation 
and disease. 


Though these studies show a fairly clear involvement of 4rcaZ, and possibly 4ca7, in the DNA damage response pathway, their exact functions remain 
unresolved. The mouse knockout studies described here and by Patel ef a/ (1998) suggest there may be some species-specific differences in the role of 


ca2, The Brca2*” of Connor et a/, (1997), for example, did not develop breast tumors as in humans. This may be due to their premature death by thymic 
tumors or to some basic difference between mice and humans. Nevertheless, research in breast cancer will certainly benefit from mouse models and other 
molecular techniques. Future molecular studies will likely focus on transcriptional interactions of BRCA proteins to elucidate their potentially complex role in 
DNA repair pathways. Certainly there is hope this line of study will lead to more effective treatment of breast cancer. 
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